An atmospheric explosion of a low-yield nuclear device will produce a large number of radioactive isotopes, some of which can be measured with airborne detection systems. However, properly equipped aircraft may not arrive in the region where an explosion occurred for a number of hours after the event. Atmospheric conditions will have caused the radioactive plume to move and diffuse before the aircraft arrives.
The science behind predicting atmospheric plume movement has advanced enough that the location of the maximum concentrations in the plume can be determined reasonably accurately in real time, or near-real time. Given the assumption that an aircraft can follow a plume, this study addresses the amount of atmospheric dilution expected to occur in a representative plume as a function of time past the release event. The approach models atmospheric transport of hypothetical releases from a single location for every day in a year using the publically available HYSPLIT code.
The effective dilution factors for the point of maximum concentration in an elevated plume based on a release of a non-decaying, non-depositing tracer can vary by orders of magnitude depending on the day of the release, even for the same number of hours after the release event. However, the median of the dilution factors based on releases for 365 consecutive days at one site follows a power law relationship in time, as shown in Figure S-1. The relationship is good enough to provide a general rule of thumb for estimating typical future dilution factors in a plume starting at the same point. However, the coefficients of the power law function may vary for different release point locations.
Effective dilution factors decrease more quickly following the release event in the case of radioactive decay than in a case based on a non-decaying tracer. An analytical expression for the dilution factors of isotopes with different half-lives can be developed given the power law expression for the non-decaying tracer. If the power law equation for the median dilution factor, Df, based on a non-decaying tracer has the general form = × − for time t after the release event, then the equation has the form = − × × − for a radioactive isotope, where λ is the decay constant for the isotope. 
Introduction
The atmospheric explosion of a low-yield nuclear device produces a large number of radioactive isotopes. Some of those isotopes can be measured with airborne detection systems. However, properly equipped aircraft may not arrive in the local region of the explosion for a number of hours after the event, by which time atmospheric conditions will have caused the radioactive plume to move and diffuse.
The science behind predicting plume movement has advanced enough that the location of the maximum concentrations in the plume can be determined reasonably accurately in real time or near-real time. Given the assumption that an aircraft can follow a plume, this study addresses the amount of dilution expected to occur in a representative plume as a function of time. The basic approach is to model hypothetical releases from a single location for every day in a year. Each release is modeled forward in time and the effective atmospheric dilution factors are collected and summarized. This work examines only the time evolution of effective atmospheric dilution factors; it does not address the ability to detect any specific isotope. Additional information on the magnitude of the release and the sensitivity of the measuring equipment is required to make detectability determinations.
Transport Modeling
Isotopic atmospheric transport was modeled using the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model, parallel version of February 2013, maintained by the U.S. National Oceanographic and Atmospheric Administration (Draxler and Hess 1998; Draxler et al. 2013 ). The transport runs were performed on a 168 compute-node Linux cluster.
The source location was set at 42° N and 93° W, in the U.S. state of Iowa. The choice of location was arbitrary, but previous model runs performed for other purposes indicated that releases in this region had the potential to move thousands of kilometers within a few days. In order to account for seasonal differences, 365 transport runs were performed. Each run used archived meteorological data and started on a different day in 2011. The meteorological data (GDAS 2012) were defined on a 1° global grid and have 3-hour time resolution. The transport also released a short duration unit-release of a non-decaying, non-depositing tracer at a point 2,500 m above ground level (AGL). The plumes were modeled for 50 hours past the time of release. The HYSPLIT code implements both a gridded advection-dispersion computational approach and a particle-tracking approach. For this analysis, the particle tracking approach was selected and each run used 2 million particles in order to achieve high-fidelity concentration solutions.
Concentration outputs from the HYSPLIT code are defined on a user-specified grid. For this analysis, concentrations were output at hourly intervals; the results for each hour represent the average for that hour. The output concentration grid was defined on a spacing of 0.1° for both latitude and longitude, and at 24 evenly spaced levels between 2,000 and 8,000 m AGL for each point on the grid. Although concentrations above 8,000 m in elevation were not output, the top of the atmospheric model domain was set at 10,000 m AGL. Wet-and dry-deposition mechanisms were deactivated for the runs. Radioactive decay was not simulated in HYSPLIT, but it was applied as a post-processing step.
Results
Example concentrations at two different levels are provided in Figure 1 for the model of a release using the meteorological data for August 1, 2011, and the following days. The plots below demonstrate concentrations 42 hours after the start of release. The concentrations in the top pane represent an average for elevations between 2,500 and 2,750 m AGL, with a maximum dilution of 8.5 × 10 -15 m -3
. The bottom pane shows the averaged concentrations between 3,750 and 4,000 m AGL, with a maximum dilution of 3.8 × 10
-13 m -3
. The portion of the plume at lower altitude has lower concentrations and is north of the region higher in the atmosphere where greater concentrations occur. The highest concentrations at this 42-hour mark occur about 1,000 km from the release point. For this time period, the effective top of the plume is 6,000 m AGL. This specific transport model illustrates a case in which the maximum plume concentration has risen above the initial release height. Effective dilution factors were calculated for every hour after the release for every run using information output by the HYSPLIT code. The dilution factor for the hour is associated with the place in the plume between 2,000 and 8,000 m AGL with the highest concentration that hour, given the unit release. Atmospheric transport of plumes can be quite complex. This definition allows the possibility that the maximum concentrations for succeeding hours can be significantly separated in horizontal distance or height above the ground. However, as illustrated in Figure 1 , many of the plumes maintain a single lobe and in this case the location of the maximum concentration is within the relatively small lobe.
Summary results using the dilution factors without radioactive decay from the 365 model runs are presented in Figure 2 . Averages and several dilution factor percentiles are presented. The example plume shown in Figure 1 falls almost on the average line in Figure 2 . For this particular release location and archived meteorological data, the median dilution factor curve can be approximated using a power law trend-line. The median values and the trend-line are shown in Figure 3 . The relationship is strong enough to provide a general rule of thumb for estimating typical future dilution factors in a plume. Although it is tempting to apply this trend-line to all potential release locations, modeling cases conducted for other activities suggest that trend lines for different release locations can be substantially different. Some of the differences are caused by the influence of trade winds, presence of mountainous terrain, or oceanic versus continental release sites. The atmospheric dilution factors in Figure 2 and Figure 3 are calculated without considering radioactive decay. Four noble-gas radionuclides produced in nuclear explosions are identified in Table 1 . Fortunately, deposition and rainout processes do not need to be included in the atmospheric transport runs for noble gases. The half-life values in Table 1 If the power law equation for the median dilution factor, Df, based on a non-decaying tracer has the general form = × − , then the equation has the form = − × × − for a radioactive isotope, where λ is the decay constant for the isotope. The time units for t and λ in this equation are hours and inverse hours. Thus, dilution factors based on atmospheric transport runs for a non-decaying tracer can be used to develop the dilution factors for other isotopes. 
Dilution Data
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Conclusions
Atmospheric transport modeling was used to estimate the effective dilution factors for non-decaying, non-depositing tracers after a release occurring at 2,500 m AGL. This work examined the dilution factors in the time period from 4 to 48 hours after the release. A power law relationship can be used to describe the median dilution factors based on releases on any day over an entire year. Although the dilution factors vary significantly based on the day of release, about 95% of them are within an order of magnitude of the median value. A slight modification of the power law relationship for the median non-decaying, non-depositing tracer provides a simple relationship for isotopes with varying half-lives.
Although it is tempting to apply this trend-line to all potential release locations, modeling cases conducted for other activities suggest that trend lines for different release locations can vary substantially. Further work is needed to develop a suite of dilution-factor relationships applicable to an arbitrary release location.
